Atomic and molecular junctions are an emerging class of thermoelectric materials that exploit quantum confinement effects to obtain an enhanced figure of merit. An important feature in such nanoscale systems is that the electron and heat transport become highly sensitive to the atomic configurations. Here we report the characterization of geometry-sensitive thermoelectricity in atom-sized junctions at room temperatures. We measured the electrical conductance and thermoelectric power of gold nanocontacts simultaneously down to the single atom size. We found junction conductance dependent thermoelectric voltage oscillations with period 2e 2 /h. We also observed quantum suppression of thermovoltage fluctuations in fully-transparent contacts. These quantum confinement effects appeared only statistically due to the geometry-sensitive nature of thermoelectricity in the atom-sized junctions. The present method can be applied to various nanomaterials including single-molecules or nanoparticles and thus may be used as a useful platform for developing low-dimensional thermoelectric building blocks.
Landauer formula
P n i T i G 0 (i 5 1, 2, 3 ??? n) 18 . Here, T i is the transmission coefficient in the i th channel and G 0 5 2e 2 /h is the conductance quantum. Plateaus appeared at near 1 G 0 signify formation of Au single-atom chains with a fully-open channel for charge transmission 17, 19 . The staircase-like structure was observed in all the G 2 t traces acquired in a range of V h from 0 to 3 V. In contrast, the thermoelectric voltage simultaneously recorded with G responded sharply to the V h conditions: DV is several mV at V h 5 0.5 V but increases by an order of magnitude at V h 5 2.0 V ( Fig. 1d ; background voltage has been subtracted using the data obtained at V h 5 0 V as explained in Supplementary Information Figs. S2 and S3). Furthermore, DV fluctuated substantially upon mechanical elongation in the course of tensile loading manifesting geometry-sensitive thermoelectricity in atom-sized junctions (Figs. S4 and S5).
Statistical distributions of G and DV were explored to investigate thermoelectric transport in ballistic Au nanocontacts. Conductance histograms constructed with 50 G-t curves exhibit peaks at integer multiples of 2e 2 /h with slight deviations attributable to the virtual series resistance R s of 800 V associated with defect scattering in the electron reservoirs ( Fig. 2a) 17, 20 . The low-conductance feature in the histogram below 1 G 0 suggests adsorption of gas molecules on the junction surface that affects the conductance of Au single-atom contacts 21, 22 . On the other hand, DV exhibits single-peak distributions (Fig. 2b inset) . Here, the center of the peak, DV p , represents the thermoelectric voltage generated at relatively large junctions having G of 5 to 8 G 0 . The plots reveal monotonic increase of DV p with V h 2 (blue line in Fig. 2b ), which manifests that one side of the Au nanocontact has been heated to an elevated temperature via the Joule heat dissipated at the current-carrying Pt coil (Supplementary Information Fig. S6 ).
To reveal any quantum confinement effects in thermoelectricity in Au nanocontacts at a single-atom level, we deduced the average Interestingly, whereas DV ave is almost constant in a high conductance regime, several peaks are detected at G m,i below 3 G 0 (note that the influence of the series resistance R s 5 800 V is subtracted from G as G c 5 1/(1/G 2 R s ) in Fig. 2c ). We find that these characteristic peaks emerge at a well-defined conductance of G m,1 5 0.70 G 0 , G m,2 5 1.54 G 0 , and G m,3 5 2.30 G 0 irrespective of V h (Fig. 2d ; see also Figs. S7 and S8). This fairly agrees with thermopower oscillations expected to take place in the quantum regime of a ballistic conductor that anticipates DV maxima at (n 1 0.5 G 0 ) [n 5 1, 2, 3, ???] 23, 24 .
The quantum nature of electron transport in atomic junctions is also identified in the thermo-voltage fluctuations. Q 2 G plots at V h 5 2.0 V reveal strong suppression of the thermoelectric voltage fluctuations at nG 0 ( Fig. 2e ; G is corrected by R s 5 800 V similar to the case in Fig. 2c ). This characteristic property is reproduced in the V h range measured ( Fig. 2f ). Theoretically, fluctuations of thermopower stemming from coherent electron backscattering in vicinity of the contact scales with P n i T 2 i 1{T i ð Þ n o 0:5 0 P n i T i , which in fact predicts Q minima when T i of all the contributing channels is either 0 or 1 14, 25 , and therefore agrees with the transmission-dependent suppression of noise in the thermoelectric voltage observed here. More quantitatively, we extracted up to two peak positions in the Q 2 G plots, G SD,i (i 5 1, 2), and plotted against V h (Fig. 2e ). The average values are G SD,1 5 1.59 6 0.18 G 0 and G SD,2 5 2.41 6 0.30 G 0 . Meanwhile, the backscattering model 4 yields local Q maxima at 1.56 G 0 and 2.61 G 0 , which are in accordance with the experimental G SD,i within 2% and 8% error for G SD,1 and G SD,2 , respectively.
The above results indicate predominant roles of quantum confinement effects on the thermoelectric transport in ballistic atom-sized contacts. We demonstrate herein that the conductance-dependent thermoelectric power also provides insight into the geometry-sensitive electronic structures of Au single-atom chains. As depicted in Fig. 2c , DV tends to show a deep minimum at one unit of the conductance quantum and attains a positive maximum at around 0.6 G 0 . This can be interpreted qualitatively as arising from weakening of contact-lead coupling in single-atom chains under elongation 26, 27 . In an unstrained fully transparent single-atom contact, s-electrons are delocalized along the chains and the peak of a broad transmission curve is located at the Fermi level E F (Fig. 3b) 26 . Under this condition, the thermoelectric power is very small (Regime I) 9, 13 . In contrast, the coupling is weakened as Au-Au bonds are stretched that contributes to shift and narrow the transmission curve 26 . In a weak coupling case,
Þ 28 , which increases rapidly as moving slightly away from the resonance condition (Regime II). On the other hand, further straining leads to concomitant decrease in G and S c (Regime III) 26, 28 .
Interestingly, the thermoelectric power of single-atom contacts in many cases changed from positive to negative ( Fig. 3c-d) . Depending on the contact mechanics, in conjunction with a possible influence of gas molecule adsorptions 29 , a single-atom contact evolves into various motif with different transmission lineshapes 26, 30 . Sign inversion can take place when a transmission valley crosses over the Fermi level ( Fig. 3e ), where at the same time thermoelectric voltage would become much sensitive to a change in the electronic structure giving rise to large fluctuations in DV (Fig. 2e ). The negative DV ave thus indicates formations of atomic chains with a local minimum of transmission at near the Fermi level (Fig. 3e) 26 .
Particular interest lies in estimating thermopower of single-atom contacts from the DV measurements; a prerequisite for evaluation of the thermoelectric performance. It requires analyses of the actual temperature gradient DT c at the junction. For this, we utilized the lifetime t of single-atom contacts as atomic thermometer described as t 5 f 0 31, 32 . Here, f 0 5 3 3 10 12 Hz, E B , k B , and T c denote the attempt frequency, the critical bond strength in the contact, Boltzmann factor, and the effective temperature at a breakpoint in the atomic wires. The average lifetime t ave acquired from 1 G 0 plateau lengths (Fig. 4a , inset; see also Fig. S9 ) decayed exponentially with V h (Fig. 4a ) suggesting steady increase in T c with V h 33 .
Extrapolation of the log(t ave ) 2 V h dependence to V h 5 0 V gives E B 5 0.82 eV, typical for Au single-atom contacts. We back-calculated T c from t ave using the energy barrier height (Fig. 4b) . As it is clear from Figs. 2b and S6 that the contact heats up with V h 2 , due to the fact that the Joule heat at the heater carrying current I increases with the power IV h 5 V h 2 /R, where R is the resistance of the Pt coil, we fit the T c -V h plots as a function of V h 2 to deduce the local temperature gradient formed at the Au single-atom wire DT c (the cold side is assumed to be remained at the ambient temperature 7 ). The relatively low T c compared to the local temperature at the microheater under elevated V h (Fig. S6 ) is ascribed to heat leakage through the Au lead and Al 2 O 3 layer. The thermopower of the Au single-atom chain S c is deduced from DV c , which is the maximal positive DV at G , 1 G 0 . Noticeably, we find that DV c rises linearly with DT c at low DT c and tends to increase faster at DT c . 15 K (Fig. 4c) . Accordingly, the acquired S c obtained through S c 5 S Au 2 DV c /DT c (Fig. S10 ) is around 24 mV/K at low DT c whereas it decreases to 26 to 28 mV/K under larger DT c .
Discussion
The present results indicate that what largely determines the thermopower of Au atom-sized contacts is the geometry at their bank region that gives rise to both positive and negative DV irrespective of the conductance (Fig. S5 ). This geometrical dependence, which is characterized as a random noise due to the stochastic nature of the mechanical deformation processes during contact elongation, can be smoothed by data averaging, by which the intrinsic quantum properties of atom-sized junctions, such as the conductance-dependent thermopower oscillation, becomes observable. Here, it is noticeable that the experiment performed by Ludoph and van Ruitenbeek 14 in a cryogenic vacuum failed to detect the oscillation behavior in Au nanocontacts ascribed to the considerable fluctuation in the thermopower data 14 . The discrepancy stems presumably from the fact that we finely controlled the contact mechanics via a feedback mechanism to hinder fusing of the contact during the formation processes (the junction conductance was below 15 G 0 throughout the experiments), which enabled to make the structure of the electrodes in the bank relatively intact leading to diminished thermopower fluctuations derived from the electron backscattering. On the other hand, such procedure was not incorporated in the previous work 14 implying a large structural variation in the bulk electrodes involved in the breakjunction measurement. This manifests the importance of having special care to preserve the geometry of bulk regions in order to evaluate the quantum effects on the thermoelectric properties of nanocontacts.
The negative sign of the Seebeck coefficient of Au nanocontacts found here is in agreement with theory that predicts thermopower quantization at S c 5 k B ln2/e(n 1 1/2) , 260/(n 1 1/2) mV/K for the nth sub-band in a ballistic one-dimensional system 23, 34 , where k B and e are the Boltzmann constant and the electron charge, respectively. Moreover, as shown in Fig. 4c , S c obtained at G m,2 is larger than that at G m,3 . This can also be explained by the theoretical model that anticipates smaller thermoelectric power at higher sub-band states. Quantitatively, however, the theoretical thermopower for n 5 1 should be a factor of 1.7 higher than that at n 5 2, whereas the ratio of the experimental S c at G m,2 and G m,3 , which should correspond to the first and the second sub-band states, is approximately 1.4. In addition, the measured Seebeck coefficients are an order of www.nature.com/scientificreports SCIENTIFIC REPORTS | 3 : 3326 | DOI: 10.1038/srep03326 magnitude smaller than the theoretical value. These discrepancies presumably stem from the assumption that the local temperature at one side of the contact remains at the ambient even under high V h conditions that may not be applicable for Au atom-sized contacts considering the high thermal conductivity of gold: unlike molecular junctions 13 , thermal transport through the heat-conductive metallic nanocontact would make the actual temperature gradient smaller than DT c , which leads to underestimation of S c .
Methods
Fabrication of heater-embedded MCBJs. Heater-embedded MCBJs are fabricated as follows. We first formed a 4 mm-thick polyimide layer on a mirror-polished surface of a 0.5 mm-thick phosphor bronze substrate by spin-coating and baking on a hot plate. We then rendered a microelectrode pattern by a photolithography method using a photoresist AZ-5206E. Subsequently, a Au/Cr multilayer of thickness 25 nm/5 nm was deposited by a radio-frequency magnetron sputtering. The substrate was then immersed in N, N-dimethylformamide (DMF) for more than 8 hours and ultrasonicated for lift off. After that, we delineated an Al 2 O 3 thin film pattern by an electron-beam lithography method using a resist ZEP-520A-7. Al 2 O 3 of 25 nm thickness was then deposited using the sputtering method followed by a lift-off in DMF. On the Al 2 O 3 , a heater pattern is drawn by the EB lithography. By depositing 40 nm thick Pt by the sputtering and removing the resist in DMF, we obtained Pt nanowire of 350 nm width. Following this, we further fabricated a 100 nm thick Au nanowire with a narrow constriction of 100 nm width at the middle using the same lithography and sputtering processes. The sample was then exposed to isotropic reactive ion etching (50 W, O 2 ) to remove the polyimide underneath the Au nanowire. As a result, we obtained a Au nanobridge of length about 2 mm. This geometry provides the attenuation factor r of 3 3 10 24 17 , which enables fine-control of the tensile displacements on the junction at sub-picometer level.
Formation of gold single-atom contacts. We formed Au single-atom contacts using a self-breaking technique. Specifically, we mounted a heater-integrated MCBJ on a stage in a three-point bending configuration and evacuated the sample chamber to below 10 25 Torr. The MCBJ substrate was then bended mechanically from the back using a piezo-driven pushing rod at room temperatures. Meanwhile, the electrical conductance G of the junction was monitored at a bias voltage V b of 0.1 V. Here, the conductance was used as a reference to control the stretching speed v d of the junction: v d was kept at 6 nm/s at G . 10 G 0 until G decreases to 10 G 0 where the stretching rate is lowered to 0.6 nm/s and finally to v d 5 0.0006 nm/s when it fell below 5 G 0 . After breakdown, we moved the piezo-element in the opposite direction and formed a contact. During the formation process, a special care was taken to make conductance not to exceed 15 G 0 so as to prevent fusing of the contact. This conductance feedback control of contact mechanics allowed forming and holding single-atom contacts for prolonged time necessary for conducting the thermoelectric voltage measurements 33 . , the corresponding transmission curves deduced for different stages of contact stretching. The transmission peak is at around the electrode Fermi level E F when G is close to 1 G 0 . At this point, DV is very small (Region I). Pulling the junction, a single-atom chain is elongated that weakens contact-lead coupling and shifts the narrowed transmission curve. Whereas the single-atom conductance tends to be zero in a stepwise manner, this first gives rise to a rapid increase (Region II) followed by monotonic decrease in DV (Region III). (c-d), Sign inversion of thermoelectric voltage in single-atom contacts. Negative DV was found occasionally at below 1 G 0 . A transition occurs at G t . (e), The positive-to-negative transition of the thermoelectric voltage is ascribable to the existence of a local minimum in the transmission curve near E F . Thermoelectric voltage and electrical conductance measurements. Simultaneous measurements of the thermoelectric voltage and the electrical conductance were performed when G decreases below 8 G 0 during the feedback controlled stretching of Au nanocontacts. For this, a dc voltage V h was applied to the Pt microheater by a picoammeter-source unit (Keithley model 6487) to impose a temperature gradient on the junction via heat conduction through the Al 2 O 3 layer. The picoammeter was also exploited for calibration of the Pt microheater ( Fig. S6 ). Note that the polyimide layer is used not only for electrical insulation but also as a thermal insulator for impeding heat leakage through the substrate. In the break junction measurements, G was measured under a voltage of V b 5 0.1 V using another ammeter (Keithley model 6487). A protection resistance of 10 kV was connected to prevent from overcurrent breakdown of fused junctions. After each conductance measurement, voltage across the junction was recorded using a nanovoltmeter (Keithley model 2182) with voltage source being switched off. The sampling rate of the simultaneous recording was approximately 3 Hz.
Pt microheater calibration. In prior to the break junction experiments, we carried out a calibration of the Pt heater (Fig. S6) . We controlled the temperature of the sample stage T 0 using a resistive heater and a thermometer attached to it using a temperature controller (Scientific Instruments model 9700). The resistance of the microheater R Pt was then recorded using a picoammeter-source (Keithley model 6487) at various T 0 above room temperatures. After that, R Pt -V h characteristics were measured by the same ammeter. The thus quantitated R Pt -T 0 relationship was used as a calibration curve to deduce the local temperature at the microheater under elevated V h conditions during the thermoelectric voltage measurements.
Data analysis. Background in the thermoelectric voltage measurements was calibrated by measuring the V m -G dependence with no heat added and subtracting it from the data at V h . 0 V. After that, the thermoelectric voltage DV was deduced as DV 5 V m (1 1 12900/G/R p ), where G and R p are the junction conductance in G 0 unit and the resistance of the 10 kV protective resistor. DV ave and Q were calculated from DV data binned at 0.01 G 0 , which were obtained in the consecutive 50 junction opening/closing processes. DV c were extracted by Gaussian fitting to the DV ave in the positive regime within a conductance window of 0 to 1 G 0 . 
